The male program of therian mammals is determined by Sry, a transcription factor encoded by the Y chromosome. Specific DNA binding is mediated by a high mobility group (HMG) box. Expression of Sry in the gonadal ridge activates a Sox9-dependent gene regulatory network leading to testis formation. A subset of Sry alleles in superfamily Muroidea (order Rodentia) is remarkable for insertion of an unstable DNA microsatellite, most commonly encoding (as in mice) a CAG repeat-associated glutamine-rich domain. We provide evidence, based on an embryonic pre-Sertoli cell line, that this domain functions at a threshold length as a genetic capacitor to facilitate accumulation of variation elsewhere in the protein, including the HMG box. The glutamine-rich domain compensates for otherwise deleterious substitutions in the box and absence of nonbox phosphorylation sites to ensure occupancy of DNA target sites. Such compensation enables activation of a male transcriptional program despite perturbations to the box. Whereas human SRY requires nucleocytoplasmic shuttling and coupled phosphorylation, mouse Sry contains a defective nuclear export signal analogous to a variant human SRY associated with inherited sex reversal. We propose that the rodent glutamine-rich domain has (i) fostered accumulation of cryptic intragenic variation and (ii) enabled unmasking of such variation due to DNA replicative slippage. This model highlights genomic contingency as a source of protein novelty at the edge of developmental ambiguity and may underlie emergence of nonSry-dependent sex determination in the radiation of Muroidea.
Microsatellite-encoded domain in rodent Sry functions as a genetic capacitor to enable the rapid evolution of biological novelty Edited by Patricia K. Donahoe, Massachusetts General Hospital, Boston, MA, and approved June 7, 2013 (received for review January 16, 2013) The male program of therian mammals is determined by Sry, a transcription factor encoded by the Y chromosome. Specific DNA binding is mediated by a high mobility group (HMG) box. Expression of Sry in the gonadal ridge activates a Sox9-dependent gene regulatory network leading to testis formation. A subset of Sry alleles in superfamily Muroidea (order Rodentia) is remarkable for insertion of an unstable DNA microsatellite, most commonly encoding (as in mice) a CAG repeat-associated glutamine-rich domain. We provide evidence, based on an embryonic pre-Sertoli cell line, that this domain functions at a threshold length as a genetic capacitor to facilitate accumulation of variation elsewhere in the protein, including the HMG box. The glutamine-rich domain compensates for otherwise deleterious substitutions in the box and absence of nonbox phosphorylation sites to ensure occupancy of DNA target sites. Such compensation enables activation of a male transcriptional program despite perturbations to the box. Whereas human SRY requires nucleocytoplasmic shuttling and coupled phosphorylation, mouse Sry contains a defective nuclear export signal analogous to a variant human SRY associated with inherited sex reversal. We propose that the rodent glutamine-rich domain has (i) fostered accumulation of cryptic intragenic variation and (ii) enabled unmasking of such variation due to DNA replicative slippage. This model highlights genomic contingency as a source of protein novelty at the edge of developmental ambiguity and may underlie emergence of nonSry-dependent sex determination in the radiation of Muroidea.
nucleocytoplasmic trafficking | protein-DNA recognition | sexual dimorphism | transcriptional activation | triplet expansion P rotein innovation can emerge through gradual accumulation of mutations (1) , rearrangement of DNA segments (2), alternative RNA splicing (3) , and RNA editing (4) . Exon shuffling among eukaryotic genes and pseudogenes, for example, has provided combinatorial opportunities for protein diversity within a given taxonomy of folds (5) . The present study focuses on clade-specific divergence of a transcription factor (6) in association with insertion of a CAG triplet repeat (7, 8) . Can microsatellite dynamics (9) in itself influence the pace and direction of protein evolution? A model is provided by Sry, an architectural transcription factor in therian mammals encoded by the sex-determining region of the Y chromosome (10) . Our results rationalize rapid changes in the mechanism and fate of a developmental switch in the radiation of rodent superfamily Muroidea (SI Appendix, Fig. S1 ).
Sry is a sequence-specific DNA-binding protein containing a high mobility group (HMG) box, a conserved motif of DNA bending (11) . In the differentiating gonadal ridge Sry activates Sox9, an autosomal gene that in turn regulates male gonadogenesis (12) . Binding of murine Sry (mSry) to the testis-specific core enhancer of Sox9 (TESCO) (12) thus activates a Sertoli cell-specific gene regulatory network that mediates programs of cell-cell communication, migration, and differentiation leading to formation of the fetal testis (11) . The Sry HMG box provides the signature motif of an extensive family of cognate transcription factors (designated Sox; Sry-related HMG box) with broad functions in metazoan development and tissue-specific gene regulation (13) . Sry itself arose by duplication of Sox3, an X-linked member of this family (14) . Whereas Sox3 is highly conserved among mammals (SI Appendix, Table S1 ), Sry has undergone rapid evolution (SI Appendix, Table S2 ) (15) , particularly within Rodentia (16) . As a seeming paradox, some members of Muroidea lack Sry (such as spiny rats Tokudaia osimensis and T. tokunoshimensis and vole Ellobius lutescens), leading to new (and uncharacterized) mechanisms of sex determination (17, 18) . We thus sought to investigate variation in the biochemical properties of Sry as a model Y-encoded protein undergoing rapid change. Our studies focused on mSry (derived from Mus musculus domesticus) and human SRY (hSRY); their respective domain organizations are shown in Fig. 1 in relation to the structure of the HMG box (19) . Whereas hSRY (like many nonrodent Sry alleles) contains an HMG box embedded between N-and C-terminal domains (NTD/CTD), murine and rat Sry lack an NTD and contain a CTD extended by a glutamine-rich domain (Fig. 1A ) containing 3-20 poly-Gln blocks separated by His-rich spacers (consensus FHDHH). Encoded by a CAG microsatellite unique to the Y chromosomes of Muroidea, the glutamine-rich domain of mSry is required for its function as a transgene in XX mice (20) .
Our investigation of mSry builds on studies of inherited mutations in hSRY at a functional threshold of gonadogenesis (6, 21) . Whereas glutamine-rich domains in other transcription factors flank conserved DNA-binding motifs without change in mutational clocks (22) , the HMG boxes of mSry and its orthologs in Muroidea exhibit greater sequence variation (with respect to both synonymous and nonsynonymous base substitutions) than do Sry boxes in other mammalian orders (23, 24) . Our results demonstrate that Significance Gene duplication is prominent among evolutionary pathways through which novel transcription factors and gene regulatory networks evolve. A model in mammals is provided by Sry, a Y-encoded Sox factor that initiates male development. We provide evidence that a CAG DNA microsatellite invasion into the Sry gene of a rodent superfamily enabled its rapid evolution. This unstable microsatellite encodes a variable length glutamine-rich repeat domain. Our results suggest that intragenic complementation between the glutamine-rich domain and canonical Sry motifs accelerated their divergence through repeat length-dependent biochemical linkages. Such novelty may underlie emergence of nonSry-dependent mechanisms of male sex determination.
such variation is associated with (i) impaired nuclear export by a mechanism analogous to a clinical mutation in hSRY, (ii) biophysical perturbations of the mSry HMG box, and (iii) impaired occupancy of TESCO in the absence of the glutamine-rich domain. Biochemical compensation is provided by the glutamine-rich domain functioning at a threshold number of poly-Gln blocks. We envisage that variation in rodent Sry-suppressed or unmasked at the protein level by an unstable CAG-encoded glutamine-rich domain (25)-has been a source of evolutionary innovation: an historical contingency of genomic dynamics leading to divergence of a master switch and even to its anomalous disappearance (18, 26) . The Sry glutamine-rich domain, thus functioning as a genetic capacitor (27, 28) , has fostered the rapid generation of biological novelty in the radiation of a mammalian taxon.
Results
Rat embryonic pre-Sertoli cell line CH34 (29, 30) was used as our primary platform to monitor the gene regulatory activities of N-terminal hemagglutinin-tagged (HA) Sry constructs following transient transfection (31) . A subset of key findings was then replicated in human male cell lines. Transcriptional activation of endogenous Sox9 was probed by quantitative PCR (qPCR) and ChIP (31) . Despite their structural differences (Fig. 1 ), mSry and hSRY exhibit similar activities in these assays in accordance with the ability of either protein to induce testicular differentiation in transgenic XX mice (10, 11) . Consistent with transcriptional profiling of the differentiating XY gonadal ridge (32, 33) , Srydependent activation of Sox9 is associated with selective activation of downstream genes Sox8 and fibroblast growth factor 9 (Fgf9) (SI Appendix, Fig. S2 ). Transient transfection of Sry constructs does not alter abundances of control Sox mRNAs uninvolved in testis determination or mRNAs encoding housekeeping genes.
Our transfection protocol to evaluate mSry-dependent Sox9 expression employs dilution of the expression plasmid by an empty vector to avoid transcription factor overexpression.* The transcriptional activities of mSry and hSRY are nonetheless similar at high plasmid dose without dilution (1 μg per well) and on 50-fold plasmid dilution ( Fig. 2A) . Negative controls were provided in this assay by the empty vector and a variant hSRY (I68A; consensus position 13 of the HMG box) unable to bind specific DNA sites (34, 35) . Equal expression of the mSry/hSRY constructs was verified by anti-HA Western blot; loading controls were provided by housekeeping protein α-tubulin (32).
Deletion Analysis. The mSry glutamine-rich domain in M. musculus domesticus contains 20 Gln-rich blocks separated by Hisrich spacers (Fig. 2B ). Stepwise C-terminal deletion (constructs Δ1-Δ6 in Fig. 2C ) unmasked a threshold requirement for at least three blocks to maintain mSry-dependent Sox9 expression (Fig.  2D) ; 3-20 Gln-rich blocks conferred similar activities and ChIPbased estimates of TESCO occupancy ( Fig. 3 A and B; experimental design as defined in SI Appendix, Fig. S3 ). This dependence of TESCO occupancy on threshold glutamine-rich domain length is in accordance with its necessary inclusion in transgenes able to induce testicular differentiation in XX mice (20) .
Biophysical Degeneration of Murine HMG Box. The mSry HMG box has diverged relative to nonrodent Sry domains (SI Appendix, Table S2 ) and is associated with less precise DNA bending (36) . The murine domain also exhibits an anomalous sensitivity to chemical denaturation by guanidine-HCl (Fig. 4A) . Similarly, its thermal stability is reduced by 3-5°C relative to the hSRY domain ( Fig. 4B , Inset). In both mSry and hSRY domains, partial unfolding occurs at physiological temperatures as indicated by attenuated α-helical CD features ( Fig. 4B , spectra). α-Helical structure was in each case enhanced on specific DNA binding but to a more marked extent in the less stable mSry complex ( Fig. 4 B-D).
Respective affinities of murine and human boxes (K d ) for a consensus DNA target site (5′-TCGGTGATTGTTCAG-3′; complement in bold), as determined by equilibrium FRET-based titration (31) , are similar at 15°C [11.2 ± 3 (murine) and 14.5 ± 2 nM (human)] and differ by ∼1.5-fold at 37°C [22 ± 7 (murine) and 14.2 ± 2 nM (human)]. Such similar affinities mask compensating changes in rates of protein-DNA dissociation and (by inference) protein-DNA association ( Fig. 4E ; for experimental design, see SI Appendix, Fig. S4 ). At 15°C, the lifetime of the mSry complex (6.6 × 10 3 ms, corresponding to k off 0.15 ± 0.002 s
) is foreshortened relative to the hSRY complex (31.3 × 10 3 ms;
). At 37°C, the lifetime of the murine complex is markedly reduced (Fig. 4F) ; only an upper limit could be estimated (<0.7 × 10 3 ms) relative to hSRY (12.5 × 10 3 ms; k off = 0.08 ± 0.003 s
−1
). The small reduction in affinity of mSry (relative to hSRY) at 37°C thus reflects insufficient compensation in rate of association. Previous studies of hSRY variants have suggested that the lifetime of the box-DNA complex correlates with transcriptional potency (37) . mSry/hSRY Chimeric Constructs. "Swap" of murine and human boxes within hSRY (chimera 1; Fig. 5A ; SI Appendix, Table S3 ) resulted in reduced TESCO occupancy relative to hSRY or mSry (Fig. 3D ). Impaired occupancy was not due to inefficient nuclear import as chimera 1 exhibited enhanced nuclear localization relative to hSRY with decreased frequency of cells with pancellular distribution (Fig. 5 B and C) , a pattern similar to mSry and a clinical hSRY variant bearing a defective nuclear export signal (NES) [I90M at consensus position 35 (21)] (Fig. 5B and C) . Inspection of the mSry box sequence revealed a nonconservative substitution (bold) in its putative NES (human→mouse: IxxxLxxxxxML→IxxxLxxxxxSL). Substitution of the rodent-specific Ser by Met increased the percentage of cells exhibiting a pancellular distribution ( Fig. 5B and C) , rescued Sox9 transcriptional activation (Fig. 5D) , and restored CRM1 coimmunoprecipitation (IP) activity (SI Appendix, Fig. S5 ). Impaired export of mSry and I90M hSRY stands in contrast to the impaired import of a control hSRY variant bearing a nuclear localization signal (NLS) mutation (R62G; consensus position 7) as previously characterized (38) . Distinct distributions of mSry and hSRY in CH34 cells are in accordance with (i) the exclusive nuclear localization of mSry in the differentiating murine XY gonadal ridge (8, 12) and (ii) the partial pancellular distribution of hSRY in an aborted human XY specimen (39, 40) .
Like I90M hSRY (21), chimera 1 exhibited twofold attenuation of Sox9 activation (SSS bars in Fig. 5D ), which was rescued by acidic substitutions within the NTD protein kinase A (PKA) site [hSRY residues 26-38; PALRRSSSFLCTE (phosphorylation site is underlined)] in accordance with a nucleocytoplasmic shuttling-dependent activating phosphorylation (DDD bars in (Fig. 2C) ; experimental design is defined in SI Appendix, Fig. S3. (B) Histogram showing relative TESCO occupancies by C-terminal deletion series; WT mSry signal is defined as 100%. (C) ChIP assays of chimeric proteins. Chimera 1 variants contain a mouse HMG box within hSRY framework (SSS, native NTD of hSRY; DDD, S→D mutation at the phosphorylation site of NTD; NES, corrected NES in mouse box; Fig. 5A ). Chimera 3 contains a human box within mSry framework (Fig. 6B) . A negative control is provided by inactive hSRY variant I68A. ChIP primer sets a and c probed for SRY occupancy, whereas primer set b served as a negative control (SI Appendix, Table S5 (41); such phosphorylation is documented in SI Appendix, Fig. S6 . Elimination of this site in hSRY and chimera 1 led to equal residual transcriptional regulatory activities (AAA bars in Fig. 5D ). Design of chimeras 2, 3, and 4 is depicted in Fig.  6 A-C. The functional dependence of hSRY on NTD phosphorylation state (as probed by AAA and DDD substitutions) was eliminated by swap of CTDs, including the murine glutamine-rich domain (chimera 3; Fig. 6 B and E). Native TESCO occupancy and Sox9 activation by a transcription factor bearing the murine box (mSry) was likewise conferred by the mSry CTD (chimeras 2 and 3; Figs. 6 A, D, and E and 3 C and D). In the context of chimera 3, the murine CTD with a glutamine-rich domain also compensates for an inherited mutation in the human box (Y127F in Fig. 6C ; consensus position 72) associated with sex reversal and partial reduction of specific DNA binding (42) (threefold in the above FRET assay at 37°C). Sox9 activation was impaired by this substitution in the context of hSRY but not chimera 4 (Fig. 6F) . Chimeric transgenes expressing hSRY or goat Sry (also lacking a glutamine-rich domain) (43) under the transcriptional control of mSry regulatory DNA sequences are able to direct testicular differentiation in XX mice (SI Appendix, Fig. S7) (10, 11) . Fig. S4 for experimental design) (31) . At both temperatures, the dissociation of the murine complex (green) is more rapid than that of the human complex (black).
Analogous transgene activity was observed on swap of the mSry HMG box by its X-encoded ancestor Sox3 or homolog Sox9 (44) (SI Appendix, Fig. S7 ). Chimeras 5-8 exploited these findings to demonstrate that, with the exception of swap of the murine box with hSRY (chimera 1 above), the homologous boxes function in the context of either hSRY (Fig. 7A) or human NTD-extended mSry (Fig. 7B ). Whereas at high or low plasmid dose the Sox9-related transcriptional activities of the NTD-extended chimeras were indistinguishable from WT mSry (i.e., irrespective of box sequence; Fig. 7D ), the hSRY-based chimeras exhibited inequivalent activities on plasmid dilution (Fig. 7C ) in rank order mSry box < hSRY box, Sox3 box < goat Sry box.
Control Cell Lines. To extend key findings to a human cellular milieu, additional studies were conducted in male cell lines PC-3 (45) and NT2-D1 (46) (derived from prostate and testicular cancers, respectively). Although endogenous SOX9 in these lines is less amenable to transcriptional activation by hSRY or mSry, the two factors in each case exhibit similar relative activities (SI Appendix, Figs. S8 and S9). To enable comparative studies of variants despite reduced assay sensitivity, relative activities were further evaluated in NT2-D1 cells on cotransfection of an mSry/ hSRY-responsive luciferase reporter (SI Appendix, Fig. S9C ). The results confirm key findings of the above CH34-based studies with respect to deletion analysis of the mSry glutaminerich domain and the transcriptional regulatory properties of chimera 1-based constructs (SI Appendix, Fig. S9D ), in particular effects of NES repair in the murine box (Ser→Met at box position 45) and DDD-based phospho-mimicry of an activated hSRY N-terminal PKA site.
Discussion
Divergence of biochemical mechanisms underlying cognate gene regulatory networks (47) highlights the complementary roles of chance and necessity in the evolution of biological novelty (48) . The present study investigated the relationship between a contingent genomic event-insertion of a DNA microsatellite-and its consequences for protein evolution in the adaptive radiation of a clade. A model was provided by a Y-encoded transcription factor under strong selection (Sry). Interplay between microsatellite instability and protein divergence in Muroidea may underlie emergence of three-component populations (XX females, XY females, and XY males) and non-Y-dependent mechanisms of male sex determination (17, 18, 26) .
Sry Domain Organization and Drift of HMG Box. Lacking an NTD, the divergent HMG box of mSry is extended by a C-terminal glutamine-rich domain unique to Muroidea ( Fig. 1 ; SI Appendix, Fig. S10 ) (20) . We used chimeric and deletion constructs, corresponding in part to transgenes previously characterized in XX mice (SI Appendix, Fig. S7) , to investigate the interrelation of these domains in a pre-Sertoli cell line (29) . Our previous study exploited this line as a model of the differentiating gonadal ridge (30) . Impaired coupling is associated with an inherited form of Swyer's syndrome [(46), XY pure gonadal dysgenesis (49)] due to variable effects on hSRY-directed Sox9 expression (21) .
Glutamine-rich domains are well known among eukaryotic transcriptional activation domains (TADs) (50) . Such low-complexity sequences are found in diverse transcription factors, including Sox proteins (51), Sp1, Krüppel-related factors, and the cyclic AMP-responsive factor CREB family (52) . Glutaminerich domains can form oligomers (53) and/or contact the basal transcriptional machinery (50) . The CAG-encoded domain of mSry was first identified as a potential TAD in a yeast model (8) . Its deletion within an mSry transgene blocks the ability of the construct to induce testicular differentiation in XX mice (20) . A survey of mammalian Sry alleles indicates that the CAG microsatellite in Muroidea is associated with loss of (i) an NTD bearing potential phosphorylation sites (41) and (ii) a consensus NES within the HMG box as otherwise observed among mammalian Sry and Sox family members (40) . The inactive NES of mSry (IxxxLxxxxxSL; Fig. 8C ) is selectively found in that subset of Muroidea rodents whose Sry alleles also contain a CAG repeat. In mSry this variant NES blocks nucleocytoplasmic shuttling as characterized in Sox proteins (40) . Competence for CRM1-mediated nuclear export, conserved in deer and goat Sry, was regained on reversion to the Sry consensus NES (IxxxLxxxxxML) (SI Appendix, Fig. S5 ). The contribution of the murine glutaminerich domain to testicular differentiation in vivo (20) and to the gene regulatory activity of mSry in cell culture (present results) may resolve an apparent paradox posed by Swyer's mutations in hSRY that (akin to WT mSry) are proposed to impair its nuclear export (21) .
We speculate that the biochemical activity of the mSry glutamine-rich domain has attenuated selective pressure on its Sry HMG box, leading to genetic drift. Whereas the HMG box of Sox3 (the X-encoded ancestor of Sry) (14) is broadly conserved among vertebrates, including within Rodentia, the mSry domain differs from the boxes of primates, ungulates, and other mammalian orders at more sites (and at these sites by less conservative substitutions) than do the latter from the Sox3 box (SI Appendix, Tables S1 and S2). Such variation in mSry was associated with attenuated thermodynamic stability and foreshortened residence time of a specific DNA complex (Fig. 4) . † Although the mSry domain has been described as exhibiting more stringent sequence specificity than hSRY (a seeming biochemical improvement) (71) , such findings may represent kinetic artifacts of gel mobility-shift assays (i.e., even more rapid dissociation of variant mSry complexes) (72) . Changes in protein-DNA dissociation rates may also account for the murine domain's seeming enhancement of discrimination against AT→IC transitions (71) .
Although the native-like α-helical structure is largely regained on specific DNA binding (induced fit), the reduced lifetime of the mSry domain-DNA complex may underlie its impaired transcriptional regulatory activity in the absence of the glutamine-rich domain (20) . These biophysical findings suggest that the contribution of the glutamine-rich domain to Sox9 transcriptional activation (36) compensates for biophysical instability, impaired nucleocytoplasmic shuttling, and absence of NTD phosphorylation site.
Block Glutamine-Rich Domain Dissection. A CAG microsatellite occurs in Sry in several lineages within Muroidea, most dramatically in Muridae (old world rats, mice, and gerbils). Repeat lengths are variable, ranging from 20 poly-Gln blocks (as in mSry in M. musculus domesticus; Fig. 2B ) (54) to 3 (Rattus norvegicus) (55) . Even among laboratory strains of M. musculus, domesticusderived Y chromosomes encode Sry proteins of different lengths relative to molossinus-derived Y chromosomes (alleles Sry B6 and Sry 129 ) (7). Although block numbers vary, the downstream Sox9-dependent gene regulatory network is presumably similar as indicated by heterogametic male development. Tolerance to variation in poly-Gln block number is in accordance with our deletion analysis wherein constructs containing 3 or more blocks activated Sox9 transcription to an extent similar to that of canonical mSry (20 blocks; Fig. 2D ; SI Appendix, Figs. S8 and S9) . Further, similar activities were observed in CH34 assays of WT Sry alleles derived from Rattus norvegicus and Tokudaia muenninki (Muennink's spiny rat; Okinawa), which each contain three poly-Gln blocks (accession number: R. norvegicus, NP_036904; T. muenninki, BAJ08420). ChIP studies focused on Sry-binding sites in TESCO (12) indicated CTDs containing less than three blocks are associated with loss of Sox9 enhancer occupancy (Fig.  3 A and B) .
Microsatellite-Based Biochemical Complementation. Chimeric mSry/ hSRY constructs were prepared to test whether a CAG-associated TAD could relax biochemical constraints on the function of the HMG box. Chimera 1 is a variant of hSRY containing the murine box (Fig. 5A) . Its properties are analogous to those of I90M hSRY [an inherited allele (21)] bearing a dysfunctional NES, leading in each case to reduced activity despite increased nuclear accumulation (Fig. 5 B and C) . Comparison of human NTD variants indicated that phospho-mimicry through acidic substitutions in a putative PKA site rescued the activity of chimera 1. Such rescue also implies that, on NTD phosphorylation and on enhanced nuclear accumulation due to impaired nuclear export, the function of hSRY (at least in a rodent cell line) tolerates the many substitutions that otherwise distinguish between human and murine boxes. To test whether NTD phosphorylation could modulate the function of mSry, chimera 2 was fused to the human NTD (Fig. 6A) . Its gene regulatory properties were found to be robust to AAA or SSS substitutions (Fig.  6D) , implying that the glutamine-rich domain renders such regulation superfluous. Chimera 3 contains both the human NTD and box fused to the C-terminal nonbox sequences of mSry, including its glutamine-rich domain (Fig. 6B) . Occupancy of TESCO sites was similar to its WT parents (Fig. 3D) . The function of chimera 3 was likewise robust to PKA-site substitutions (Fig. 6E) .
Biochemical complementation by the mSry CTD was further investigated in relation to an inherited human variant near the protein-DNA interface (Y127F in Fig. 6C ; consensus position 72 in the HMG box), which partially impairs specific DNA binding (42) . The aromatic ring adjoins V60 (consensus position 5), also a site of inherited mutation (31) . Whereas in the context of hSRY Y127F impairs Sox9 expression by approximately twofold (44) . Similarly, the goat Sry HMG box was used in chimeric proteins 6 and 8 (aquamarine) as motivated by the comparable activity of a goat Sry transgene in XX mice (43) . (C) Results of qPCR assays of Sox9 gene expression activated by WT hSRY or hSRY-based chimeric proteins (1, 5, 6) following low-dose transfection (0.02 μg as in Fig. 2A ; white bars). (D) Corresponding qPCR assays of native mSry and mSry-based chimeric proteins (3, 7, 8) . In each case, the function of the chimeric proteins was indistinguishable from that of WT mSry. A negative control was provided by the inactive hSRY variant I68A (Right). Horizontal brackets indicate statistical comparisons; n.s., P > 0.05.
[as observed in studies of V60L and V60A (31) ], the mutation has no effect in the context of chimera 3 (Fig. 6F) . Such intragenic complementation supports an evolutionary scenario wherein insertion of a CAG microsatellite in a founding lineage of Muroidea enabled drift of HMG-box sequences. To further explore glutamine-rich domain complementation, chimeric constructs 5-8 used the HMG boxes of mSox3 and goat Sry as inspired by studies of chimeric transgenes (43, 44) . Whereas in the context of hSRY, respective "box swap" variants exhibited relative activities in the order mouse < human = Sox3 < goat (Fig.  7C) , such functional differences were abolished in the presence of the mSry CTD (Fig. 7D) .
Evolution of Male Sex Determination. Whereas Sry is generally conserved among therian mammals as the testis-determining locus (56) , an enigma is posed in Muroidea (SI Appendix, Fig. S1 ). One member of family Cricetidae, the vole Ellobius lutescens, has no Sry gene or Y chromosome (Fig. 8A) ; its mechanism of sex determination is unknown (18) . Evidence for the rapid evolution of non-Sry-dependent male-determining mechanisms has likewise been obtained within Muridae. Like genus Apodemus (which contains the common mouse and rat), related genus Tokudaia contains species with glutamine-rich domain-associated Sry alleles as exemplified by T. muenninki. Despite the implication of a common ancestor whose Y chromosome contained the original CAG-associated microsatellite, Tokudaia also contains species lacking a Y chromosome (Fig. 8B) (57) as exemplified by T. tokunoshimensis (Tokunoshima spiny rat) and T. osimensis (Armani spiny rat). We propose a scenario wherein (i) microsatellite invasion of Sry within a Muroidea common ancestor enabled drift of HMG-box sequences with biophysical perturbation and loss of nonbox phosphorylation sites and (ii) subsequent glutamine-rich domain repeat-number instability led (below the threshold of three poly-Gln blocks) to attenuated Sry-directed Sox9 activation in some lineages, leading in turn to reproductive isolation and recruitment of non-Sry-dependent mechanisms of Sox9 transcriptional activation in the bipotential gonadal ridge. Redundant or nonfunctional Sry alleles were a likely precondition for the rare anomalous loss of the Y chromosomes in this clade. ‡ The plausibility of this evolutionary scenario is strengthened by intermediate cases found within Cricetidae (grass mice Akodon boliviensis and A. azarae). Although males represent the heterogametic sex, these species exhibit high percentages of XY females (58) . Their variant Sry genes encode a foreshortened NTD (lacking potential phosphorylation sites) and a divergent box with nonconsensus NES (SI Appendix, Table S4), followed by a single-block Gln-rich motif (58) . We speculate that this remnant glutamine-rich domain is insufficient to rescue the function of the divergent NTD and box, providing only partial activation of Sox9 at the threshold of testis determination: gonadogenesis would thereby be nonrobust with respect to autosomal variation, environmental fluctuations, or stochastic gene expression. We envisage that such grass mice stand at the crossroads of Sry loss and Y-chromosome degeneration.
Concluding Remarks. Poly-Gln repeats encoded by CAG repeats were first observed in neurological disorders (59-61) in which length-dependent alterations of protein structure, function, and toxicity can correlate with clinical severity or age of onset (62) . In Huntington's disease, for example, aberrant gain of function by the variant huntingtin perturbs neuronal gene expression, in part through competitive binding of the glutamine-rich domain to transcriptional coactivators and basal transcription factors (22) . Whereas microsatellite instability within transcription factors is not generally associated with divergence of respective DNAbinding motifs, § the evolution of Sry in Muroidea is remarkable for both variation in glutamine-rich domain length and divergence of HMG-box sequences (23, 63) . We speculate that glutamine-rich domain-associated gain of function in a TESCOdirected Sox9 transcriptional regulatory complex circumvents biochemical requirements for nucleocytoplasmic shuttling and nucleocytoplasmic shuttling-coupled phosphorylation as defined in Sox proteins (40) .
We propose that the CAG triplet repeat of rodent Sry alleles has functioned in the radiation of Muroidea as an intragenic "capacitor" to suppress phenotypic consequences of variation elsewhere in the protein, which (in the case of mSry) includes destabilizing substitutions in the HMG box, loss of nucleocytoplasmic shuttling, and deletion of the NTD. Such variation could then have been unmasked by microsatellite instability leading to truncation of the glutamine-rich domain below its critical threshold. This model extends the paradigm of a genetic capacitor as defined by heat shock protein 90 (Hsp90) (27, 28) . Because Hsp90 buffers the misfolding of proteins regulating metazoan development (thereby conferring interim stability to gene regulatory networks), discharge of the Hsp90 capacitor may underlie rapid morphological evolution as documented in the fossil record (64) . Similarly, the microsatellite capacitor of Sry in Muroidea may have enabled, via replicative DNA slippage (25) , sudden shifts in molecular mechanisms of male sex determination. Operating through the biochemical properties of a glutamine-rich domain in a TESCO complex, this Sry capacitor may discharge to create reproductive barriers between nascent species.
We thus envisage that microsatellite instability within Sry has promoted the emergence of biological novelty in a mammalian taxon. Such innovation reflects a combination of genomic and biochemical mechanisms distinct from general processes leading to Y degeneration (65, 66) . Although biochemical properties of mSry and hSRY differ, each has evolved to regulate Sox9 expression just above the threshold of Sertoli cell specification. Gonadogenesis at the edge of ambiguity is shared by rare human families (21, 31, 49) and is suggested by the frequency of XY sex reversal among grass mice (58) . The thin thread of testis determination (67) , first glimpsed in studies of murine Y chromosome-autosome incompatibility (68) , represents an apparent violation of the Waddington principle of developmental canalization (69) . Addressing why sex is different will require deciphering a seeming paradox: multilevel selection (70) against the robustness of male gonadogenesis. A fundamental problem at the intersection of biochemistry and evolutionary biology is posed by the developmental, neuroendocrine, behavioral, and social origins of such selection.
Materials and Methods
Plasmids. Plasmids expressing hSRY, mSry, and variants (SI Appendix, Table  S1 ) were constructed by PCR and cloned into cytomegalo virus vector (pCMV) (containing the CMV promoter) (31). The cloning site encoded an N-terminal HA tag in triplicate.
Rodent Cell Culture. CH34 cells (kindly provided by T. R. Clarke and P. K. Donahoe, Massachusetts General Hospital, Boston) (30) were cultured in DMEM containing 5% (vol/vol) heat-inactivated FBS at 37°C under 5% CO 2 .
Human Cell Lines. NT2-D1 cells (46) were grown in DMEM in an atmosphere of 5% CO 2 ; the complete growth medium contained FBS to a final concentration of 10%. PC-3 cells (45) were cultured in the F-12K medium (ATCC) with 10% FBS in 5% CO 2 atmosphere. Transient transfections were carried out by the Fugene HD protocol (Hoffmann LaRoche). PCR primers were in accordance with human genomic sequences.
Transient Transfection. Transfections were performed as described (76) . Efficiencies were determined by the ratio of GFP-positive cells to untransfected cells following cotransfection with pCMX-SRY and pCMX-GFP. Cellular localization was probed by immunostaining 24 h after transfection.
Western Blot. Expression of mSry/hSRY and variants was monitored by Western blot using monoclonal anti-HA antiserum (Sigma-Aldrich).
Real-Time qRT-PCR Assay. Accumulation of Sox9 mRNA in transfected CH34 cells was probed by qPCR as described (31) . Cellular total RNA was extracted using the RNeasy kit (Qiagen). Primer sequences are provided in SI Appendix, Table S5 . TFIID was used as an internal control; measurements were made in triplicate with blind coded samples.
Immunocytochemistry. Transfected cells were evenly plated on 12-mm coverslips, fixed with 3% para-formaldehyde in PBS, and visualized by fluorescent microscopy in relation to the total number of GFP-positive cells.
ChIP. Transfected cells were probed by ChIP using an anti-HA antiserum. An expanded high-fidelity PCR protocol was provided by the vender (Hoffmann LaRoche).
Biophysical Assays. Circular dichroism, fluorescent spectroscopy, FRET-based K d determinations, and stopped-flow FRET-based analysis of protein-DNA dissociation rates were performed as described (31) .
